Background: Discussions as to the extent of pesticide residue contamination in the food supply often rely on results of government residue monitoring programs focusing primarily upon the percentages of samples containing pesticide residues and the number of violative residues identified. Such an approach does not adequately convey the likelihood of pesticide residues posing consumer risks since residue regulatory limits are not safety standards and violative pesticide residues rarely constitute residues of health concern. It is more appropriate to develop estimates of actual dietary exposure to pesticides and to compare such estimates to established toxicological criteria such as the Chronic Reference Dose (RfD). The U.S. Food and Drug Administration's (FDA) Total Diet Study (TDS) previously provided such information but last published its findings in 1995 to estimate dietary exposure to pesticides detected between 1986 and 1991. This paper provides updated estimates of dietary exposure to pesticides in the United States using the most recent TDS findings on pesticide residues. continue to be at levels far below those of health concern. Consumers should be encouraged to eat fruits, vegetables, and grains and should not fear the low levels of pesticide residues found in such foods.
Background
Residues of pesticide chemicals are frequently detected on the edible portions of foods and consumers are routinely exposed to pesticide residues in their diets. The extent of pesticide contamination in the food supply is often discussed in terms of the results of regulatory monitoring conducted by bodies such as the U.S. Food and Drug Administration (FDA) and the European Food Safety Authority (EFSA). In 2012, FDA monitoring results of 1,158 domestic samples showed that 57 % had no detectable residues while 2.8 % contained violative pesticide residues (FDA 2015) . Among the 4,365 imported food samples analyzed, 66 % had no detectable residues while violations were detected on 11.1 % of the samples. EFSA reported on the analysis of 80,967 food samples collected in 2013 and concluded that 54.6 % of the samples had no detectable residues while 2.6 % of the samples resulted in violations (EFSA 2015) .
Such findings may be confusing to consumers since the majority of samples contained no detectable residues of pesticides although pesticide residue violations also frequently occurred. Unfortunately, while counterintuitive, the recitation of findings from regulatory monitoring programs is of little value in terms of assessing the potential health risks posed by pesticide residues in foods. This is primarily due to the fact that the allowable levels are not indicators of safety but rather reflect enforcement tools to assess whether Good Agricultural Practices have been followed (Winter, 1992) . As such, residue violations often indicate breaches of Good Agricultural Practices but only in very rare circumstances represent cases of health concern. To clarify the differences between allowable pesticide residue levels and levels of health significance, a companion system to establish levels of safety concerns for specific pesticides on specific food items has been proposed (Winter and Jara, 2015) .
The potential health risks posed by pesticide residues in foods can best be assessed by developing estimates of dietary exposure to pesticides and comparing exposure estimates to toxicological indicators of health concern such as the Chronic Reference Dose (RfD) or the analogous Acceptable Daily Intake (ADI). An accurate estimation of dietary pesticide exposure requires data on specific levels of pesticide residues detected (not just whether the residues were legal or violative) as well as estimations of consumption amounts of all foods for which residues are detected.
The FDA has conducted the Total Diet Study (TDS) annually since 1961 (Gunderson 1995) . The TDS uses a market basket approach in which FDA inspectors purchase market baskets of 280 food items from retail locations in various regions of the country. The food items are prepared for consumption and then analyzed for potential food contaminants such as radionuclides and pesticide residues as well as for metals and selected nutrients. Food consumption estimates for the TDS diets are derived from national food consumption databases. By multiplying the levels of pesticide residues found on the food items by food consumption estimates, it is possible to obtain an estimate of chronic dietary exposure to pesticide residues in foods.
Historically, FDA released its estimates of chronic dietary exposure to pesticides obtained from TDS findings and compared exposure estimates to ADI levels. Unfortunately, the last public report of such findings was made in 1995 and estimated dietary exposure to pesticides from TDS market baskets collected between 1986 and 1991 (Gunderson 1995) . Thus, while FDA continues to analyze TDS samples for pesticide residues, it has not made its findings of TDS consumer exposure to pesticides available for two decades.
At the same time, FDA does release the analytical data resulting from subsequent TDS market baskets as well as food consumption estimates for each of the TDS foods. It is therefore possible to estimate dietary exposure to pesticides from TDS data and to compare exposure levels to chronic RfD or ADI levels. 
Methods
Pesticide residue levels on the 280 TDS foods were obtained from FDA's summary of pesticide residue findings for Market Baskets 2004 -1 through 2005 -4 (FDA 2014 . While analytical methods were capable of detection of more than 300 pesticides and/or pesticide metabolites or breakdown products, residues were detected for 77 specific pesticides. According to FDA guidelines, a value of 0 was assigned for residues below the analytical method's limit of detection while trace findings were reported at the measured value.
Food consumption estimates for each of the 280 TDS foods were acquired by downloading FDA's "TDS Diets, Version 3" (FDA 2013). Food consumption estimates were derived from the results of the United States Department of Agriculture's 1994-96 and 1998 Continuing Survey of Food Intakes by Individuals. Consumption estimates were expressed in terms of grams of food per day and were separated into 15 population subgroups: Total US population, infants 6-11 months, children 2 years, children 6 years, children 6-10 years, males (14-16 years, 25-30 years, 40-45 years, 60-65 years, 70 years) and females (14-16 years, 25-30 years, 40-45 years, 60-65 years, 70 years) .
To estimate dietary exposure to specific pesticides for each of the population subgroups, the mean residue level (expressed in mg/kg) found on a specific TDS food was multiplied by the food consumption estimate to yield an estimate of the daily exposure to the pesticide on that food. If, as was common, a pesticide was detected on more than one TDS food, contributing exposures from each food were combined to yield a daily exposure estimate to the pesticide.
To allow direct comparisons between chronic RfD values and exposure estimates, daily pesticide exposure levels were divided by body weight levels estimated for each population subgroup (EPA 2011). Final chronic dietary exposures to specific pesticides for each population subgroup were then expressed in terms of nanograms pesticide/kg body weight/day (ng/kg/day).
The methods used to estimate chronic dietary exposure to pesticides represent a simplistic deterministic approach in which residues are considered to be present at mean levels and food consumption estimates are chosen that represent the 50 th percentile for each of the 280 foods considered. As such, the approach attempts to most accurately characterize typical chronic dietary exposure to pesticides. The use of higher percentiles of residue level or food consumption estimates would serve to artificially inflate exposure estimates. Deterministic methods using higher percentiles of residue levels and/ or food consumption estimates are useful, and necessary, in assessing acute exposure to pesticides in foods but their use in a chronic exposure assessment is not warranted.
Chronic RfD values for specific pesticides were primarily obtained from the Integrated Risk Information System (IRIS) used by the United States Environmental Protection Agency (EPA). The chronic RfD represents an estimate of the amount of a chemical an individual could be exposed to daily throughout the individual's lifetime that is likely to be without an appreciable risk of harm (Winter and Francis 1997) . In some cases, chronic RfD values were not available through IRIS but could be identified through documents discussing EPA Pesticide Reregistration Eligibility Decisions for specific pesticides. Chronic RfD values were not obtained for the pesticides azinphos-methyl, chlorpyrifos-methyl, dicloran, dicofol, fenhexamid, omethoate, phenylphenol-ortho, quinoxyfen, tecnazene, thiabendazole, triadimefon, and trifloxystrobin; ADI values from the literature were chosen as chronic RfD surrogates for each of these pesticides.
Results and discussion
The FDA analyzed a total of 2240 food items (8 market baskets x 280 items per market basket) in its 2004 and 2005 TDS for residues of more than 300 pesticides and/ or metabolites and breakdown products. Residues of 77 pesticides were detected.
The estimated chronic dietary exposures to the 77 pesticides for the General US population are compared with chronic RfD values in Table 1 . Exposure levels to all 77 pesticides were below chronic RfD values. Exposures to 3 pesticides exceeded 1 % of the chronic RfD values while exposures between 0.1 and 1 % of chronic RfD values were noted for 14 pesticides. Another 19 pesticides demonstrated exposures between 0.01 and 0.1 % of the chronic RfD values, while exposures for the other 41 pesticides were below 0.01 % of the chronic RfD. The median exposure relative to the chronic RfD for the 77 pesticides was for the fungicide captan, with an exposure of 0.0074 % of the chronic RfD.
The determination of chronic RfD values requires assessment of the No Observed Adverse Effect Level (NOAEL), which represents the highest continuous dose given to the most sensitive animal species that does not demonstrate any noticeable toxicity (Winter and Francis 1997) . The NOAEL levels are typically reduced using uncertainty factors (100 or, in some cases 1000) to produce the chronic RfD level. In the case of dietary exposure to a pesticide that represents 0.01 % of the chronic RfD, the exposure level (assuming the use of a 100 fold uncertainty factor in deriving the RfD) is one million times lower than levels that do not cause any noticeable effects in animals dosed continuously with the pesticide throughout their lifetimes. Thus, findings from this study reinforce the notion that typical consumer exposure to pesticide residues is at levels far below those of health concern. The highest exposure of a pesticide relative to the chronic RfD was for methamidophos, which showed an exposure to the General US population of 16 % of the chronic RfD. Methamidophos is an organophosphate insecticide that shares a common toxicological mechanism with several other common insecticides. The estimated exposure to methamidophos for the General US population, 8.0 ng/kg/day, is actually lower than estimated exposures to other organophosphate insecticides such as The only other pesticides showing dietary exposure greater than 1 % of the chronic RfD were dieldrin (2.0 % of chronic RfD) and DDT (1.3 % of chronic RfD). Both of these pesticides are chlorinated hydrocarbon insecticides that have been banned from use for decades; their presence in food results from low environmental degradation and uptake from contaminated soil by plants.
Several other chlorinated hydrocarbon insecticides were also detected in the 2004-2005 TDS. To indicate trends in exposure to chlorinated hydrocarbon insecticides over time, it is possible to compare these findings with those of prior years. Table 2 shows the reduction in dietary exposure levels for two year-olds (the population subgroup associated with the greatest dietary exposure to pesticides) from dietary estimates using the 1986-1991 TDS data (Gunderson 1995) Chronic dietary exposure estimates to the 77 pesticides for each of the 15 population subgroups is shown in Table 3 . While there is significant variation in the exposure estimates for specific pesticides among the population subgroups, all exposures to all population subgroups were below chronic RfD levels. Table 3 also indicates that the highest exposures are typically observed in the younger population subgroups, as is expected since younger members of the population consume more food relative to their body weights than do older members of the population. For 51 of the 77 pesticides, population subgroup exposure was highest for two year-olds, while another 13 pesticides showed highest exposure for 6-11 month infants. Exposure to six year-olds was highest for 6 pesticides and exposure to 60-65 year-old females was highest for 4 pesticides. Three other population subgroups (10 year-olds, 14-16 year-old males, 70 year-old males) showed the highest dietary exposure to one pesticide each.
This paper provides estimates of chronic exposure to pesticides based upon mean residue levels found in the TDS and reliance on average food consumption patterns for the General US population and for population subgroups. As such, efforts were not made to assess acute toxicity risks from pesticide residue exposure to determine the likelihood that a single person's dietary exposure to a pesticide could exceed the acute RfD on a given day. More sophisticated risk assessment methods, using probabilistic models to study variability in pesticide residue levels and food consumption data, would be needed to achieve this task. Such approaches are commonly performed by the EPA, however, and pesticides are not allowed to be registered for use unless EPA concludes that the pesticides pose a "reasonable certainty of no harm" when considering potential increased susceptibility for specific population subgroups, aggregate exposure to pesticides (water, food, and residential exposure) and cumulative exposure to families of pesticides possessing common mechanisms of toxicological action such as the organophosphate insecticides. For acute pesticide exposure, a pesticide poses a "reasonable certainty of no harm" when it can be established that acute exposure for sensitive population subgroups has at least a 99.9 % chance of being below the acute RfD (EPA 2014).
Conclusions
The findings from analysis of TDS pesticide residue data confirm that while pesticide residues are frequently detected in a variety of food products, chronic dietary exposure to pesticides continues to be at levels far lower than levels considered to be of health concern. Consumer fears from pesticide residues provide the potential for consumers to reduce their consumption of fruits, vegetables, and grains, negating the positive health benefits attributed to consumption of large amounts of such foods in one's diet. Findings from this study also indicate that the potential health benefits from further reducing one's exposure to pesticide residues through purchase of organic foods may not provide any appreciable benefit given the very low level of pesticide residues consumers are typically exposed to from conventionally produced foods and the finding that organic foods commonly have been shown to contain pesticide residues as well, although at lower frequency than their conventional counterparts (Winter 2012) .
While the findings from this paper represent the most recently released TDS data for pesticide residues, such findings are still at least ten years old and may not reflect pesticide residue levels that are encountered today. Food consumption data is similarly dated, representing results from dietary surveys conducted in 1994-96 and in 1998. Fortunately, the methodology to develop exposure estimates for pesticides can be easily adapted to more contemporary residue and food consumption data when such data become available. At the present time, however, the methodology used in this paper provides a convenient and comprehensive approach to estimate chronic dietary exposure to pesticides and to compare such exposures with chronic RfD levels. Unless significant changes in pesticide use patterns and food consumption behavior become evident, it is unlikely that the use of more contemporary data will alter the conclusion that chronic dietary exposure to pesticides is typically well below chronic RfD levels.
